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l. Introduction

The abundance and density of Cs trees and shrubs on predominantly C,
grasslands in many parts of the world (Africa, Australia, North America,
South America) have increased dramatically during approximately the last
125 years (reviews by Mayeux et al., 1991; Archer, 1994). This rapid change
in vegetation is evident from historical accounts and photographic records
(Hastings and Turner, 1965) and repeated aerial photography (Archer et
al., 1988; Knight et al, 1994) and censuses of permanent plots or similar
areas (Glendening, 1952; Buffington and Herbel, 1965; Hennessy et al.,
1983), analyses of the stable carbon isotope composition of soil organic
matter (Tieszen and Archer, 1990; Steuter et al., 1990; McPherson et al.,
~1993), and palynological evidence (Davis and Turner, 1986). Some woody
~ species (e.g., Prosopis glandulosa, mesquite) apparently expanded within
their historical ranges from refugia, like drainages or rocky outcrops that
had been occupied for centuries, or increased in stature and visibility from
suppressed populations (Bogusch, 1952; Johnston, 1963). For other species
(e.g., Larrea tridentata, creosotebush), recent changes are an acceleration
of an increase in density and range extension initiated centuries before
(Hunziker et al., 1977; Johnson and Mayeux, 1992). Production of grasses
and other herbaceous species in many of these systems declines following
woody ingress (Glendening, 1952; Heitschmidt and Dowhower, 1991;
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Hobbs and Mooney, 1986), thus reducing the value of grasslands and
savannas for livestock grazing and other uses. The shift in growth or life
form composition also alters ecosystem-level processes, including surface—
atmosphere transfers of matter and energy, that potentially influence rates
and patterns of carbon sequestration (McPherson et al., 1993; H. B. Johnson,
unpublished data) and local, regional, or even global climates (Schlesinger
et al., 1990). By reducing grass production, for example, woody plants may
lessen the frequency and intensity of fires and the accompanying return
of carbon and nitrogen to the atmosphere (Medina, 1982; Hobbs et al,
1991). By increasing spatial heterogeneity of soil water and nitrogen (Schle-
singer et al., 1990) or in other ways altering the hydrology of grasslands
(Joffre and Rambal, 1993), woody ingress can change surface albedo, evapo-
transpiration, runoff, and fluxes of trace gases to the atmosphere.

Causes of the increase in abundance of woody plants have been exten-
sively discussed because of the obvious importance of the change to eco-
nomics and to longer term environmental concerns (e.g., Hastings and
Turner, 1965; Grover and Musick, 1990; Bahre and Shelton, 1993; Archer,
1994). There is, however, relatively little experimental evidence document-
ing the cause or causes of woody invasion. Much of the evidence implicating
specific causal factors in vegetation change is based on anecdotal accounts
and is correlative and descriptive in nature.

Expansion of woody plants on grasslands has traditionally been attributed
to rather site-specific changes, most of which increased recruitment or
reduced the often size-dependent mortality of woody seedlings. These ex-
planations include suppression of fire which often selectively kills woody
seedlings (Bragg and Hulbert, 1976; Wright et al, 1976), changes in the
populations of rodents (Brown and Heske, 1990) which may both consume
and disperse shrub seed and kill woody seedlings (Glendening and Paulsen,
1955; Gibbens et al., 1992), changes in temperature or precipitation (Has-
tings and Turner, 1965; Neilson, 1986), removal of browsers (Belsky, 1984),
and the effects of livestock introduced during the last 125 years (Bahre
and Shelton, 1993; Archer 1994). Effects of livestock include the ingestion
and dissemination of seed of some woody species (Glendening and Paulsen,
1955; Brown and Archer, 1987; Archer, 1989) and overgrazing that reduced
grass production and the frequency of fires, reduced interference from
grasses for light, water, and other resources (Bush and Van Auken, 1990),
and may have increased spatial heterogeneity of soil nitrogen and water
(Schlesinger et al., 1990).

Fach of these explanations for vegetation change is demonstrably impor-
tant to some areas or for some species, but none of the traditionally ad-
vanced explanations for shrub encroachment satisfactorily explains the
success of the diverse group of woody invaders across the diverse climatic
and physiographic regions involved worldwide. Included are woody species
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(e.g., Acacia spp., Larrea tridentata, Juniperus spp., Prosopis spp.) which differ
greatly in potential growth rates, life histories, and tolerances to fire,
drought, and shading, and grasslands on which precipitation differs mark-
edly in seasonality, intensity, and predictability. Frequent fire alone proba-
bly was not sufficient to prevent invasion by Prosopis, for example, for it
may not kill plants beyond the seedling stage (Wright et al., 1976), but fire
kills even large individuals of some juniperus species and effectively limits or
prevents invasion by these plants (Burkhardt and Tisdale, 1976). Con-
versely, seed dispersal by livestock greatly increased the rate and extent of
grassland invasion by Prosopis (Brown and Archer, 1987; Archer, 1989) and
perhaps other hard-seeded species, but cattle do not consume seed of
Juniperus or Larrea and thus cannot have directly influenced dissemination
of these plants.

Traditionally cited explanations for woody ingress sometimes also fail to
explain the changes observed even in individual species. York and Dick-
Peddie (1969), for example, concluded that heavy grazing increased the
cover of Prosopis and other woody species in desert grassland in New Mexico,
but Prosopis increases rapidly regardless of grazing regime (Glendening,
1952; Smith and Schmutz, 1975; Hennessy et al., 1983). It is, of course,
difficult to completely exclude prior effects of livestock and other factors
in most studies, but similar increases in abundance have been noted in
other woody species when grazing was absent (Rice and Westoby, 1978;
Williams et al., 1987).

Widespread encroachment of woody species on grasslands began shortly
after atmospheric CO; concentration rose above its preindustrial level of
270-280 ppm. The global nature of the increase in CO,, near synchrony
of changes in CO, and vegetation, and multiple benefits of higher CO,
to C; plant growth suggest that the historical rise in CO, concentration
contributed to woody ingress. Higher CO, concentration, for example,
decreases photorespiration (Sharkey, 1988; Johnson ef al., 1993a) and in-
creases the quantum yield (Ehleringer and Bjérkman, 1977; Long and
Drake, 1991) and temperature optimum of C; photosynthesis (Long, 1991).
Rising CO, increases rates or amounts of N, fixation by woody legume-—
Rhizobium symbioses (Norby, 1987; Thomas et al., 1991; Polley et al., 1994)
and often increases the nitrogen use efficiency and growth of woody (Norby
et al., 1986; Polley et al., 1994) and other C; plants (Polley et al., 1995a).
Further, tolerance of C; plants to heat, drought, salinity, and other stresses
is improved by higher CO; concentration (Idso, 1989). These and other
changes may contribute to shift the competitive balance in favor of taller
plants (Reekie and Bazzaz, 1989), possibly including C; shrubs over Cs
grasses, and of taller C; over co-occurring C, plants at elevated CO, (e.g.,
Bazzaz and Carlson, 1984; Arp et al., 1993). The relative and, sometimes,
absolute effect of a per-unit increase in CO, concentration on Cs; physiology
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(Johnson et al., 1993a; Polley et al., 1993b) and growth (Polley et al., 1992;
Polley et al., 1994) may be greater over the subambient levels indicative of
the past than at future levels, suggesting that the historical rise in CO,
concentration, albeit small (70-80 ppm), also generally favored greater
production, taller vegetation, and taller C; over C; competitors (Fig. 1).

Clearly, there are instances in which competitive success at higher CO,
concentrations is explained by factors other than or in addition to photosyn-
thetic pathway (Bazzaz et al., 1989). Results from COgenrichment studies
on Cidominated tallgrass prairie in Kansas, however, generally support the
suggestion that taller C; plants may increase on grassland as CO, concentra-
tion rises. Owensby et al. (1993), for example, reported that basal cover of
relatively tall and deep-rooting Cs; forbs on the prairie increased following
a doubling of the current CO, concentration. Frequency (Nie et al., 1992)
and basal cover (Owensby et al., 1993) of the shorter C; grass Poa pratensis
declined in chambered plots exposed both to the current and elevated
CO; concentration, though both frequency and basal cover declined less
rapidly in plots fumigated with high CO, (frequency declined less rapidly
at high CO, only when soils were well watered).

Increased widths of annular rings of some trees (LaMarche et al., 1984;
Hari and Arovaara, 1988) and greater C accumulation in temperate forests
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Figure 1 Aboveground biomass of C; and C, species that developed from the seed bank of
a Texas savanna soil exposed for 13 weeks to a gradient in daytime CO, concentration from
near 350 to 150 ppm. Figure reprinted from Johnson ez al. (1993a). Reprinted with permission
of Kluwer Academic Publishers.
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(Kauppi et al., 1992) in recent decades, suggest that the historical increase
in CO, has stimulated growth of at least some woody vegetation. Woody
plants also usually grow more rapidly when exposed to atmospheres en-
riched in CO,, even when soil nutrients or water is limiting (Tolley and
Strain, 1985; Norby et al., 1986; Conroy et al, 1990; Norby and O’Neill,
1991; Conroy et al, 1992). Further, initial benefits of elevated CO, to
growth of woody plants may be multiplied over time when environmental
conditions are favorable (Idso et al., 1991).

Resolving the role of rising atmospheric CO; concentration in the chang-
ing structure of grasslands and, more generally, in vegetation change is
not straightforward. The dynamics of any species is the resultant of complex
interactions among a number of factors, including its life history, physiol-
ogy, and morphology, that vary in relative importance with the biotic and
abiotic environments. Despite the difficulty and perhaps futility of attempt-
ing to assign a relative weight to livestock, fire suppression, climate change,
rising CO,, and other factors that contributed to vegetation change on
grasslands and savannas, it remains important from a management perspec-
tive to identify when each of the potential contributors to change may be
most influential. Here we briefly discuss what we perceive as the major
obstacles to progress in identifying the relative contribution or importance
of the historical increase in atmospheric CO, concentration to vegetation
change on grasslands and savannas. Drawing largely from the vast and
rapidly expanding literature documenting effects of elevated CO; levels on
plants and ecosystems, we suggest mechanisms by which and conditions
under which rising CO, may have contributed significantly to the observed
increase in abundance of woody plants in many parts of the world.

Il. CO, and Vegetation Change

Perhaps the greatest difficulty in experimentally defining how rising CO,
influenced vegetation on grasslands results from inequities between the
processes typically measured when CO, is varied and those most relevant
to questions of vegetation change. Conjecture that CO, has contributed to
a shift from mostly C, grasses to woody vegetation or from generally shorter
to taller plants is based largely on physiological data and on observations
that growth generally responds more positively to CO, in Cs than C, plants
(Poorter, 1993). The question of woody ingress, however, inherently is one
of population biology or community ecology. Relevant processes at these
levels include the life histories and morphologies, as well as physiologies,
of species as influenced by biotic interactions and the abiotic environment.
Most of the evidence that rising CO, concentration shifts the competitive
balance in favor of C; over co-occurring C, species comes from experiments
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with herbaceous plants in which competing species were planted nearly
simultaneously and were of similar growth form or potential height and
rooting depth (Bazzaz and Carlson, 1984; Arp et al, 1993; Johnson e al.,
1993a). Competitive success in most of these experiments therefore was
highly correlated with the response of growth rate or biomass production
to CO,. These data yield information on the likely responses of vegetation
in highly disturbed habitats to CO,, but have limited relevance to questions
of change in established vegetation. Very little of the CO, work explicitly
addressed the question of vegetation change in perennial systems in which
invasive seedlings emerge in mature vegetation, a situation where the com-
petitive success of seedlings will depend on their tolerance to resource
depletion by neighboring adults (Goldberg, 1990), or competing plants
differ in growth form. Of practical necessity, most CO, studies have been
of limited duration and, with few exceptions (e.g., Bazzaz e al., 1992; Morse
and Bazzaz, 1994), have not considered possible feedbacks between growth
responses of plants to CO, and the timing or magnitude of reproduction
or other demographic parameters.

Can known physiological and whole-plant responses to rising CO, concen-
tration be applied to predict the dynamics of grassland communities and
responses of the diverse group of species involved? Linkages between physi-
ology and populations or communities are inherently difficult to establish
because relevant processes often differ among levels. When directed or
guided by observations at community and population levels, however, physi-
ological studies often may provide insight into those processes or periods
during a plant’s life cycle that are most critical to vegetation change. Vi-
tousek (1993) similarly argued that recent success in applying physiological
data to ecosystem-scale questions has resulted when physiological explana-
tions were constrained by observations at higher levels.

Progress in identifying the contribution of rising CO, to the observed
shift in grassland vegetation is further limited by the diverse biologies and
life histories of woody invaders and by the wide range of environmental
conditions that characterize invaded grasslands. When single species are
considered or the spatial and temporal scales of observation are reduced
to levels typical for most experimental evaluations, variation in the composi-
tion of vegetation increases and biotic and edaphic characteristics, local
disturbances, past history, and annual weather variations strongly influence
vegetation dynamics (Prentice, 1986). Not surprisingly, attempts to identify
causal factors for vegetation change at these scales, even for single species,
often yield contradictory results. General trends therefore are best sought
at higher spatial and longer temporal scales.

A. Interactions with Water Availability

It may prove useful to first approach the question of woody encroachment
on grasslands at higher, perhaps regional, scales by identifying possible
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interactions of CO, with mechanisms known to control the potential bal-
ance of trees or shrubs and grasses. At regional scales, climatic variables
related to water availability and water balance appear most influential in
controlling the potential distributions of vegetation types (Stephenson,
1990; Belsky, 1995) and their productivities (Sala et al., 1988). Stephenson
(1990), for example, demonstrated that actual evapotranspiration decreases
and water deficit (evaporative demand not met by available water) increases
along regional gradients in southern North America dominated first by
forests, then by grasslands, and finally by shrublands (Fig. 2). Shrubs domi-
nate the driest areas along the gradient either because they tolerate extreme
soil and atmospheric drought or access deeply placed soil water not gener-
ally available to grasses. Because seedlings generally are more susceptible
to drought than established individuals, however, woody establishment in
these relatively arid environments is strongly correlated with rainfall and
often occurs in pulses following large precipitation events (Turner, 1990).
As water availability increases along this moisture gradient, production of
grasses also increases. Woody seedlings can encounter severe interference
from grasses for water and other resources in upper soil layers (Harrington,
1991). In some grasslands and savannas, therefore, the relative abundance
of woody plants increases with increasing precipitation (Williams and
Hobbs, 1989; Medina and Silva, 1990) and with soil or biotic factors that
reduce water loss from surface soils and encourage accumulation in deeper
layers (Knoop and Walker, 1985). In still more mesic areas, woody plants
dominate at equilibrium apparently because they are superior competitors
to shorter grasses for light (e.g., Tilman, 1988; Smith and Huston, 1989).
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Figure 2 Mean annual evapotranspiration and annual deficit for major plant formations in
North America (reproduced from Stephenson, 1990, with permission from the University of
Chicago). Deficit is evaporative demand not met by available water. The diagonal connecting
actual evapotranspiration of 1500 mm and deficit of 1500 mm depicts correlated changes in
water balance and vegetation across an east-to-west transect of increasing aridity in the southern
United States,
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Atmospheric CO, directly affects the coupling between climatic water
balance and vegetation by altering the efficiency with which plants use
water, production per unit of transpiration (Fig. 3). At the leaf level, water
use efficiency (WUE) often increases by about the same relative amount
as does CO, concentration in both C; and C, species (Morison, 1993; Polley
et al., 1993a). Some of this potential increase in WUE may not have been
realized by plants in nature if higher WUE was derived largely from lower
transpiration. The decline in transpiration would have been partially offset
by an accompanying increase in leaf temperature and a decrease in atmo-
spheric humidity. For C, plants, however, much of the COymediated in-
crease in WUE during the last 200 years apparently was realized as higher
photosynthesis and greater biomass production (Polley et al., 1993b; Polley
et al, 1994). Because of the strong correlation that exists between water
availability and primary productivity in grasslands and deserts (Webb ¢t al.,
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Figure3 Apparent water use efficiency, biomass produced divided by water lost to evapotrans-
piration, of two cultivars of Triticum aestivum (wheat; Seri M82 and Yaqui 54) and individuals
of the woody legume Prosopis glandulosa (honey mesquite). The two species were grown
in separate experiments across daytime gradients in CO, concentration from near 350 to
200 ppm. Wheat was well-watered (n = 20) or droughted by withholding additional water
for the last 50 days of the 100-day experiment (n = 20). P. glandulosa was droughted by adding
water only after soil moisture had declined to 65% of volumetric content at field capacity for
9 of the 14 months of the experiment (n = 6). The line is a linear regression of water use
efficiency on COs. Data are replotted from Polley ef al. (1994) and (1995a).
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1983; Sala et al, 1988), the productivity of many grasslands should have
increased substantially as atmospheric CO; rose. To the extent that rising
CO; increases WUE and plant productivity, it also will increase potential
leaf area and the potential for plant competition for light (Tilman, 1988;
Smith and Huston, 1989). These changes, in turn, should favor taller growth
forms like trees and shrubs at the expense of grasses, at least in relatively
mesic grasslands.

By decreasing the amount of water required to sustain growth, the CO,-
mediated increase in plant WUE may also have increased survival of woody
seedlings in more arid environments. Analyses of the carbon (C) isotope
composition of aridland plants have shown that low values of leaf discrimina-
tion against *C (A), indicative of higher water use efficiency, are associated
with greater plant longevity (Ehleringer and Cooper, 1988; Smedley et
al., 1991) and with greater survival during drought (Ehleringer, 1993).
Projections based on changes in plant WUE also are compatible with ob-
served effects of CO, on the C3/C, composition of annual communities
grown at different soil moisture levels (Bazzaz and Carlson, 1984). Charac-
teristics like osmotic adjustment and the roots:leaves ratio that impact
plant water balance and affect niche overlap among competing species
may also have been altered as CO; rose (Miao et al.,, 1992).

Rising CO, may also indirectly favor woody encroachment by decreasing
transpiration rates of existing vegetation and thereby increasing soil water
availability in grasslands and savannas (Polley et al., 1995b). Shallow-rooting
grasses are superior competitors to woody plants for water from upper soil
depths. The abundance of deep-rooting trees and shrubs on some grass-
lands therefore depends on the amount of water that reaches soil below
most grass roots (Knoop and Walker, 1985). When higher WUE derives
largely from a decrease in transpiration per unit leaf area, as it often does
in C, grasses, rising CO, will reduce the rate of soil water depletion provided
the decline in transpiration per unit leaf is not offset by an increase in leaf
area or leaf temperature. This change may in turn increase soil water
content and favor greater percolation to depths where woody roots predom-
inate. Higher leaf temperatures (Kirkham et al, 1991) and, in years with
below normal precipitation, greater leaf area (Owensby et al., 1993) partly
offset water savings expected on Cs;-dominated prairie from a decrease in
conductance and transpiration per unit leaf area at elevated CO, concentra-
tion. Still, Kirkham et al. (1991) found that as a result of a 7-15% decline
in evapotranspiration, soil moisture levels in prairie to a depth of 2 m were
consistently higher at elevated than at the current CO, concentration, even
during periods of relatively severe drought (Owensby et al., 1993).

B. Effects on Seedling Establishment and Growth

Population-level data for woody invaders and larger-scale studies of rates
and patterns of woody ingress or expansion can be used to identify crucial
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periods or processes during the life cycles of woody plants that may be
most sensitive to CO, or to other factors. A seemingly trivial but important
assumption implicit in attempts to identify factors that caused vegetation
change is that woody populations were near equilibrium with grasses or
were declining relative to grasses near the beginning of the 19th century.
If woody populations were instead expanding, historical changes may
simply have accelerated a vegetation change already predisposed under
existing climatic conditions. Definitive data to judge the stability of woody/
grass vegetation prior to the industrial revolution obviously are few and it
must be recognized that a true equilibrium in vegetation composition is
never attained ( Johnson and Mayeux, 1992; Brown and Gersmehl, 1985).
The assumption that woody populations were in equilibrium near the begin-
ning of the 19th century appears reasonable for some species, but only
approximately true for others. Archer (1989), for example, used a model
of woody cluster development and age-size relationships to predict that
most Prosopis plants in relatively mesic upland grassland/savanna in south
Texas appeared since the late 1800s. Model results are consistent with other
evaluations suggesting that the woody legume has only recently moved in
great numbers onto grassland from refugia occupied perhaps for centuries
(Bogusch, 1952). Abundance of creosotebush, like mesquite, has increased
dramatically in former desert grassland during approximately the last 125
years (Buffington and Herbel, 1965). The recent increase in creosotebush,
however, may be an acceleration of a process that proceeded for millenia.
Creosotebush first appeared in quantity in the macrofossil record from the
southwestern United States about 11,000 years ago. Johnson and Mayeux
(1992) calculated that a subsequent expansion rate of about 16,000 ha/
year was necessary to account for the distribution of creosotebush in the
Chihuahuan, Sonoran, and Mojave Deserts. Johnson and Mayeux (1992)
also discuss macrofossil evidence that blackbrush began to expand on these
desert grasslands prior to European settlement. Similarly, Davis and Turner
(1986) concluded from palynological data that expansion of Juniperus in
Arizona began at least 2000 years before livestock were introduced. It
appears then that changes during the historical period likely were not
necessary to cause the ingress or expansion of some woody species. Changes
apparently were, however, necessary to cause woody ingress or expansion
onto grassland at the accelerated rates observed recently.

Given the relatively long life spans of many of the invasive species (Archer,
1994), the apparently limited changes in abundance of some woody species
in the decades to centuries preceeding widespread and concentrated hu-
man intervention on grasslands and savannas implies that prior to the
industrial revolution, seedling recruitment and subsequent survival to re-
productive maturity did not greatly exceed that required to replace existing
woody plants. Models, for example, suggest that factors such as fire slow,
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but do not prevent, the eventual dominance over grasses by some woody
species provided that over their life span established trees contribute more
than one reproductive individual to the next generation (Hochberg et al.,
1994). Seed production of mature individuals or seedling establishment
and survival must have been very low for those woody invaders that were
not expanding greatly prior to the 19th century. By enhancing seedling
establishment and survival and/or seed dispersal, recent changes likely also
increased the rates at which previously expanding woody populations grew.
Given the diverse biologies and life histories of the woody plants involved,
including species that differ greatly in growth rates and susceptibility to
fire and other agents of mortality, the implication is that some influential
mechanism or more likely a combination of mechanisms prevented or
limited seedling establishment and survival of woody plants on grasslands.

Not surprisingly then, most of the factors that traditionally are believed
to cause or accelerate woody expansion or ingress either reduced the
often size-dependent mortality of woody seedlings or enhanced woody
establishment and growth by relieving water stress or by otherwise reducing
interference from resident grasses or increasing the availability of soil re-
sources. Grassland fires (Wright et al., 1976) and herbivory by small mam-
mals (Gibbens et al., 1992), for instance, selectively kill small seedlings of
the woody legume, Prosopis. Suppression of fire and reductions in small
mammal populations during the last two centuries thus likely contributed
to a marked increase in seedling survival of this species. Conversely, estab-
lishment rates of mesquite can be increased by grazing or mowing (Bush
and Van Auken, 1990) or after severe droughtin some grasslands (Hennessy
et al., 1983), apparently because these changes reduce interference from
taller grasses for light or other resources. Rising CO, may similarly have
enhanced woody recruitment and reduced seedling mortality by reducing
the amount of resources that plants required in order to grow until largely
uncoupled from interference with neighboring grasses and the primary
causes of mortality. By increasing plant water and nitrogen use efficiencies
and, in woody legumes, rates and amount of Ny-fixation, for example, rising
CO; can reduce the amount of water and nitrogen that woody plants
required from the soil. Increasing CO, may also greatly increase growth
rates of individually grown or spaced plants of woody invaders and other
C; plants (Polley et al., 1994; Johnson et al, 1993b), changes that should
facilitate woody ingress following disturbance by reducing the period during
which woody seedlings are most susceptible to mortality and to interference
from neighboring grasses. Some woody seedlings minimize interference
for water with neighboring grasses by rapidly extending their roots below
those of most grasses (Brown and Archer, 1990; Bragg et al., 1993), a process
that would have been abetted by an increase in growth rate as CO, rose.
There are situations, however, where effects of CO,; on woody plants likely
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were minimal. Seedling tolerance of shade potentially was improved by an
increase in the quantum yield (Ehleringer and Bjoérkman, 1977; Long and
Drake, 1991) or decrease in the light compensation point of photosynthesis
as COy rose (Hand et al., 1993; Polley et al., 1993b), but existing information
suggests these changes had little influence on the growth of shaded plants
(Korner and Arnone, 1992; see Gloser, Chapter 21). Limited data also
suggest that rising CO, concentration sometimes is of little benefit to the
growth of C; shrubs confined to the same rooting volume as grasses (Polley
et al., 1994).

lll. Conclusions

Available evidence suggests that effects of the historical increase in CO,
likely were greatest in grasslands or for woody species in which water and,
to a lesser extent, nitrogen limited woody establishment and early growth.
Effects of CO; also may have been pronounced in situations where rising
CO, significantly increased growth rates of woody seedlings. It is likely,
therefore, that rising CO, interacted positively with disturbances like grazing
and prolonged drought that reduced the cover and growth of grasses and
their ability to compete with woody seedlings. Woody plants that grew
more quickly were susceptible for a shorter time to mortality from fire and
herbivory and more rapidly attained reproductive maturity. Even a small
reduction in the age of first reproduction can greatly increase the reproduc-
tive output of an individual (Cole, 1954). Woody plants that grew faster
also more quickly became large enough to significantly impact ecosystem
dynamics in ways that can feed back to enhance woody ingress. Large woody
plants, for example, shade neighboring grasses or shelter small mammals
that feed on herbaceous plants (Hobbs and Mooney, 1986) and, in some
systems, thereby reduce grass production and the frequency or local inten-
sity of fire. Large shrubs, by concentrating and cycling nutrients and chang-
ing hydrological properties beneath their canopies, may increase spatial
heterogeneity of water and nitrogen (Schlesinger et al, 1990). These
changes may feed back to reduce the production and establishment of
grasses and enhance shrub regeneration. Large trees or shrubs also serve
as foci for bird-dispersed seed of other woody species (Archer et al., 1988).
Rising CO; likely was less influential in vegetation change on grasslands
where the growth of woody seedlings was strongly limited by light because
of the highly size-asymmetrical nature of competition for this resource
(Weiner, 1990; Bazzaz and McConnaughay, 1992).

Although it appears reasonable that a change in CO, would directly
and indirectly affect the productivity and composition of grasslands and
savannas, it is not obvious on what time scale this should occur. Atmospheric
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CO; rose slowly during the 19th and early 20th centuries (Friedli et al.,
1986), and thus probably played little role in the initial phase of woody
expansion (Archer, 1994). Further, there can be a lag of decades to centu-
ries between shifts in atmospheric conditions and vegetation change (Davis,
1986) that probably would have limited how quickly effects of the recent
rise in CO, became evident. The typical lag between cause and effect often
results from the limited rates at which propagules disperse and the inertial
resistance of established vegetation to change—the ability of perennial
vegetation that established during favorable periods to persist under unfa-
vorable conditions for decades without reproducing. The limit to change
imposed by vegetative inertia may partly have been offset because of the
highly asymmetric nature of competition between grasses and trees or
shrubs that greatly favors the taller growth form when woody plants overtop
grasses. Similarly, limitations of propagule dispersal were partly relieved
for those species with seed that are disseminated by livestock. Still, effects
of the near 30% increase in CO, during the last two centuries likely are
not fully evident. Vegetation almost certainly is not in equilibrium with
atmospheric CO,, which presently is changing at an accelerated rate.

IV. Summary

The widespread and rapid increase in abundance and density of a diverse
group of woody species on grasslands during the last two centuries likely
is the result of several, often interrelated and reinforcing changes (Smeins,
1983; Belsky, 1990) including fire suppression, overgrazing, changes in
rodent and browser populations, climate change, and the 30% increase in
atmospheric CO; concentration. Rising CO, concentration, by increasing
plant water use efficiency, increased potential production of vegetation in
frequently water-limited grasslands and may, by reducing transpiration,
have increased soil water availability and percolation to depths where woody
roots predominate. In the absence of severe and repeated disturbance,
these changes should in time have favored taller plants, such as trees or
shrubs, at the expense of shorter grasses, consistent with patterns observed
along natural gradients of precipitation or soil resource availability (Tilman,
1988). Given the lag of decades to centuries that often occurs between
changes in atmospheric driving variables like CO; concentration and shifts
in vegetation, it is highly unlikely that the potential response of vegetation
to the historical increase in CO, concentration has been fully realized or
that rising CO, alone was sufficient to account for the rates and patterns
of woody ingress observed in some areas during approximately the last
125 years.
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Effects of rising CO, concentration that were initiated during the past
century or more should become increasingly evident with time and as CO,
continues to increase during the foreseeable future. Because so little of
the CO, work to date has addressed questions of vegetation change in
perennial systems, experimentation in appropriate ecosystems is badly
needed. To refine our understanding of the role of rising CO, in woody
ingress on grasslands and in vegetation change generally, it also will be
necessary to understand interactions between disturbances and the poten-
tial productivity of grasslands on the species and growth form composition
of these communities. Progress in recent theoretical (Tilman, 1988) and
empirical studies is evident (Wilson and Tilman, 1991). To predict likely
effects of atmospheric changes on individual species, it also will be necessary
to understand how CO, concentration affects environmental conditions
under which species can grow and reproduce. Each stage in a plant’s life
cycle, from germination and establishment through vegetative growth and
reproduction, potentially can be influenced directly or indirectly by atmo-
spheric CO, concentration. Relevant processes or periods must be identi-
fied. Rates of woody expansion on grassland are highly sensitive to the
number of reproductive plants that are recruited into the population from
mature individuals (Hochberg et al,, 1994), suggesting that factors that
altered seedling establishment and survival were critical to woody expan-
sion. It is of particular importance in predicting vegetation change, then, to
understand the interaction of CO, with seedling requirements for resources
such as water that are likely to limit seedling establishment, survival, and
growth. We suggest that rising CO; likely was most influential in those
grasslands in which water or N limited woody recruitment and in which
rising CO, significantly increased growth rates and the fecundity of woody
plants. Ultimately, the ability to predict effects of rising CO, concentration
on the dynamics of woody or other species requires an improved under-
standing of relationships between physiological and growth responses to
CO; and the persistence of plant populations (Austin, 1992).
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